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Abstract 

The electric dipole moments (EDMs) of the neutron and the electron are reviewed 
within the framework of the supersymmetric standard model (SSM) based on grand 
unihed theories coupled to N=1 supergravity. Taking into account one-loop and 
two-loop contributions to the EDMs, we explore SSM parameter space consistent 
with experiments and discuss predicted values for the EDMs. Implications of baryon 
asymmetry of our universe for the EDMs are also discussed. 
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1 Introduction 


Some extension of the standard model (SM) is expected from varions viewpoints, 
among which is CP violation. The violation of CP invariance is observed throngh 
the phenomena in the K^ — K'^ system []^, which can be explained by the Kobayashi- 
Maskawa (KM) mechanism of the SM. However, it has been snggested that baryon 
asymmetry of the nniverse conld not be explained withont the existence of some 
new sonrce of CP violation [^. Therefore, varions extensions of the SM have been 
proposed to acconnt for the baryon asymmetry. One of the extended models having 
snch new CP-violating sonrces is the snpersymmetric standard model (SSM), which 
is also plansible for describing physics at the electroweak scale. 

In this report we review the electric dipole moments (EDMs) of the nentron dn 
and the electron df, coming from the new sonrces of CP violation in the SSM based 
on grand nnihed theories (GUTs) conpled to iV=l snpergravity |^. These EDMs 
arise from one-loop diagrams in which the sqnarks q or sleptons I propagate together 
with the charginos Wj, the nentralinos Xj, or the glninos g as shown in Fig. iBii- 
The EDMs also receive contribntions from two-loop diagrams containing an effective 
CP-violating conpling of the W bosons and photon Bi- The relevant diagram is 
shown in Fig. 2. Since in the SM the EDMs are predicted to be mnch smaller than 
their present experimental npper bonnds, \dn\ < 10“^®ecm 0 and \de\ < 10“^®ecm 


|, they can give ns an important cine to new sonrces of CP violation. The new 
sonrces of CP violation in the SSM could account for the baryon asymmetry of the 
p] , [^, [T^. We also discuss its implications for the EDMs. 


universe 


The SSM has at least two new CP-violating phases in addition to the KM phase 
0. One of these phases comes from the gauge-Higgs sector and another from the 
squark-slepton sector. If these phases are not suppressed, at the one-loop level the 
chargino contributions to the EDMs are larger than the neutralino or the gluino 
contributions in wide ranges of SSM parameter space. Comparing the chargino 
contributions with the experimental constraints, the squark and slepton masses are 
predicted to be larger than 1 TeV ||^. On the other hand, if the CP-violating phase 
in the gauge-Higgs sector is quite small while that in the squark-slepton sector being 
not suppressed, the gluino or the neutralino contributions become dominant. In this 
case the squark and slepton masses of order 100 GeV are not contradictory to the 


experimental constraints for the EDMs [|^ . 

The new phase in the gauge-Higgs sector also induces the EDM of the IK-boson 
through the one-loop diagram mediated by charginos and nentralinos ^ |[. The W- 
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Figure 1: The Feynman diagrams for the EDM of a quark or a lepton. Photon lines 
are understood. 


boson EDM, if exists, can generally yield the neutron and the electron EDMs by the 


standard electroweak interactions at the one-loop level [jl^. As a result the EDMs 
of the neutron and the electron receive contributions at the two-loop level. The 
EDMs by these two-loop contributions could be only smaller than the experimental 
upper bounds by one order of magnitude 0. In addition, the two-loop contributions 
only depend on SSM parameters for the gauge-Higgs sector, whereas the one-loop 
contributions depend on both the gauge-Higgs sector and the squark-slepton sector. 
We can predict the values of the EDMs induced by the PF-boson EDM with less 
uncertainly. 

In the SSM, baryon asymmetry of the universe may be generated by the CP- 
violating phases which induce the EDMs. Indeed, the ratio of baryon number to 
entropy consistent with its observed value, ps/s = (2 — 9) x 10' B. is obtained 
in reasonable ranges of SSM parameters |^, |^, if the CP-violating phases are not 
suppressed. For these parameter ranges the EDMs are predicted to have sizable 
values. 

In Sec. 2 we summarize new origins of CP violation in the SSM. The EDMs 
of the quarks and the leptons can arise at the one-loop level, which are given and 
numerically evaluated in Sec. 3. The EDMs by the two-loop effects are discussed 
in Sec. 4. The new sources of CP violation generate the baryon asymmetry, whose 
constraints on the EDMs are shown in Sec. 5. A summary is given in Sec. 6. 


2 Model 

The SSM based on GUTs coupled to N=1 supergravity has several complex pa¬ 
rameters in addition to the Yukawa coupling constants. In the model with minimal 
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Figure 2: The Feynman diagram for the EDM of a quark or a lepton which involves 
an effective CP-violating coupling for the PF-bosons and photon. 


particle contents, these complex parameters which are possible new sources of CP vi¬ 
olation are the SU(3), SU(2), and U(l) gaugino masses m 3 , m 2 , and mi, respectively, 
the mass parameter mn in the bilinear term of Higgs superfields in superpotential, 
and the dimensionless parameters Afs and B in the trilinear and bilinear terms of 
scalar fields. 

The complex parameters lead to complex mass terms for supersymmetric parti¬ 
cles. When the SU(2)xU(l) gauge symmetry is broken, the mass matrices M~ and 
for the charginos and the neutralinos become 


M- 


m 2 -gvl/\/2\ 

-gvll\pl ruH J ’ 


/ mi 

0 

g'vll2 

-9%I2\ 

0 

m 2 

-9vII2 

9^112 

g'vl/2 

-9vI/2 

0 

-mn 

\-g'v*2l2 

9vll2 

-mn 

0 y 


( 1 ) 

( 2 ) 


where vi and V 2 are the vacuum expectation values of the two Higgs doublets with 
U(l) hypercharges —1/2 and 1/2, respectively. These mass matrices are diagonalized 
by unitary matrices Cr, Cl, and N as 

CIiM~Cl = diag(m^i,m^ 2 ), (3) 

N^M^N = diag(mxi,m^2,ni^3,nrx4), (4) 


giving the mass eigenstates. For the mass parameters of the gauginos we assume 
the relation {g"^/g‘l)fh^ = m 2 = {?>g‘^/bg'’^)mi suggested by GUTs. 
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For the squarks there are two species for each flavor, the left-handed squark 
ql and the right-handed sqnark corresponding to two chiralities of the qnark. 
There also exist sleptons II and Ir similarly corresponding to the leptons. The 
mass-squared matrix for the squarks or sleptons with flavor / becomes 

M] = (5) 

/ rrif + cos 2P(T3f - Qfsin^ 9 w)Ml + mf{RfmH + A*f 7113/2) \ 

y + Afm3/2) irij + Qf 0082(38111^ OwM^ + Mjr ) ' 


Rf 
tan (3 


V*2 

V2 

Vl 



7(2 

V*1 


( ^3/ = - 


1 

2 


), 


Here ruf represents a mass of the fermion /, Q/ an electric charge of /, and T 3 / 
the third component of the weak isospin for the left-handed component of /. The 
gravitino mass is denoted by 777 . 3 / 2 , and Mj and are mass-squared parameters 
for fi and /r, respectively. Each mass-squared matrix for the squarks and the 
sleptons is diagonalized by a unitary matrix S'/ as 


S]M}Sf = diag(M?^,M|2). 


( 6 ) 


We have neglected generation mixings. 

All the complex phases of the parameters in Eqs. (0). ®. and are not 
physical. By the redehnition of the helds we can take without loss of generality rhi 
{i = 1 — 3), Ui, and V 2 for real and positive. Then the remaining parameters ttuh 
and A/’s cannot be made real, which are origins of CP violation. We express them 
as 


rriH = 1777//1 exp(70), (7) 

Af = A = |A| exp(7a!). (8) 

Since A/’s are considered to have the same value of order unity at the grand uni- 
hcation scale, their differences at the electroweak scale are small and thus can be 
neglected. 

3 EDM at one-loop level 

The EDM of the quark receives contributions at the one-loop level from diagrams in 
which the charginos, neutralinos or gluinos are exchanged together with the squarks 
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(i.a) 

(i.b) 

(ii.a) 

(ii.b) 

m 2 = \mH\ (GeV) 

200 

200 

1000 

1000 

tan f3 

2 

10 

2 

10 


Table 1: The values of m 2 = {mnl and tan/? for curves (i.a)-(ii.b) in Fig. 3. 

as shown in Fig. 1. The electron EDM is also induced by one-loop diagrams, where 
the charginos or neutralinos are exchanged together with the sleptons. 

The EDM operator changes the chirality of the quark or the lepton. The gauginos 
couple the quark (lepton) to the squark (slepton) with the same chirality via the 
gauge interactions, while the Higgsinos couple the quark (lepton) to the squark 
(slepton) with the opposite chirality via the Yukawa interactions. Therefore the flip 
of the chirality can arise at the one-loop level from three origins as follows. 

(i) One vertex of the loop diagram is a gauge interaction and the other is a 
Yukawa interaction. The gaugino and the Higgsino are mixed. 

(ii) The two vertices are both gauge interactions. The scalar particles ql {II) 
and qr {Ir) are mixed. 

(iii) The two vertices are both Yukawa interactions. The scalar particles are 
mixed. 

The chargino-loop diagram originates in (i) and (iii), the gluino-loop diagram in (ii), 
and the neutralino diagram in all of these. 

The relative magnitudes of the chargino, neutralino, and gluino contributions 
are crndely estimated by considering their origins. The gangino-Higgsino mixing 
and the Ql-Qr or Ir-Ir mixing are respectively snppressed by roughly M^/fh^ and 
mf/Mj. The prodncts for the coupling constants and snppression factor in the ori¬ 
gins (i), (ii), and (iii) become amf/Mj, and /M'^M respectively, a 

being an appropriate hne structnre constant. Therefore the EDM from the chargino 
contribntion is proportional to a 2 mf/mi^, while that from the glnino contribntion is 
proportional to asmf/Mj. If the squark and chargino masses satisfy the condition 
Mj > {as/ cx 2 )^lo, the chargino contribution becomes larger than the gluino contri¬ 
bntion. The nentralino contribution is the smallest among all the contributions and 
may be neglected, since the coupling strength of the nentralino is smaller than those 
of the gluino and the chargino. 
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Figure 3: The absolute value of the neutron EDM from the chargino contribution 
for the parameter values given in Table 1. 


The EDM of a quark or a lepton from the chargino contribution is given by 


dj /e = 


R,sine ’""'“"I 


An sin 9w 


(ml.2 - mh) Mi 


m- 




/(r) = 
J(r) = 


2=1 

1 


M? 
/' 




(l + r + Y^^lnr^ , 


2(l-r)2 V^ + ^+1 

1 / 2 , , 

3 — r + ^-In r I . 


2(1 - r )2 


1 — r 


( 9 ) 


Here we have neglected the tiny contribntion from the origin (iii) and approximated 
the masses of two mass eigenstates of the squarks or the sleptons to have the same 
value Mj (= ~ ^ 72 )• For a crude estimate of the chargino contribution, we 

note that the numerical value of a factor in Eq. (y) is written by 


OiEM 


4n sin^ 6 *w M|, 


= 5.0 X 10-2® 


'1 TeV^ 


TUf 


10 MeV 


cm, 


( 10 ) 


and /(r) and J(r) vary as 5 x 10 ^ — 5 x 10 ^ and —3 — (—5) x 10 respectively, 
for 10“^ < r < 10^. If the CP-violating phase 6 is not suppressed, the squark or 
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Figure 4: The three contributions to the neutron EDM for tan/? = 2 and m 2 = 
\mH\ = 500 GeV: (i)chargino, (ii)neutralino, (iii)gluino. The absolute values of the 
EDM are shown. 

slepton masses or the chargino masses have to be larger than 1 TeV for satisfying 
the experimental constraints on the EDMs of the neutron and the electron. 

The EDM of a quark from the gluino contribution is given by 

d^/e = 

K{r) = 

where Mg denotes the average of Mgi and Mg 2 - Although the factor 2as/^T^ is about 
ten times larger than the factor Q;£;M/47r sin^ 6\y, the function y/rK(r) takes a value 
about ten times smaller than J(r) or J{r), —1 x 10“^ < \/rK{r) < —2 x 10“^, for 
10- -2 < r < xo^. Therefore, the constraints from the gluino contribution are similar 
to those from the chargino contribution. 

We evaluate the supersymmetric contributions to the EDM of the neutron. As¬ 
suming the nonrelativistic quark model, the EDMs of the u and d quarks are con¬ 
verted into the EDM of the neutron: dn = — du)/3. The mass parameters 

and appearing in Eq. (|) could be related to the gravitino mass and the gaug- 
ino masses. In the ordinary scheme for the mass generation, the gaugino masses are 








2as 

3tt 


sin a\A\ 


Rq sin 6 


\mH\' 

ur3/2. 


Mg Mf^Mg^ 


Ml 


( 11 ) 


2(1 -r)' 
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Figure 5: The neutron EDM as a function of m 3/2 for a = 7r/4 and 6 = 0. Three 
curves correspond to three values for m 2 : (i) 200 GeV, (ii) 500 GeV, (iii) 1 TeV. 
The other parameters are taken for tan/3=2 and {mnl = 200 GeV. 

smaller than or around the gravitino mass, so that a scale characteristic of and 
Mjj^ is given by m 3 / 2 . For simplicity, we take Mul = Mur = = 7713 / 2 . 

Then the masses of the squarks can be estimated approximately by 7713 / 2 . The mag¬ 
nitude of the Higgsino mass parameter {mnl should be at most of order 7713/2 for 
correctly breaking the SU(2)xU(l) symmetry. As a typical example for a natural 
magnitude of the GP-violating phases, we simply take 9 = a = n/i. The absolute 
value of the dimensionless parameter A is hxed as |A| = 1. 

In Fig. 3 the absolute value of the chargino contribution to the EDM of the 
neutron is plotted as a function of 7773 / 2 . The values of the mass parameters and tan (3 
are given in Table 1. In the ranges of 7773/2 where curves are not drawn, the lightest 
squark is lighter than the lightest neutralino, which is disfavored by cosmology. In 
the presented parameter regions the gluino and the neutralino contributions are 
smaller than the chargino contribution, so that the EDM of the neutron is given by 
dn — d^. Not to be conflict with the experimental upper bound oi\dn\ < 10“^^ecm, 
we must have 7773/2 3 TeV for tan{3 = 2 and 7773/2 ~ 7 TeV for tan/? = 10. The 

clear dependence on tan (3 arises from the dominance of the d-quark EDM over the 
77 -quark EDM. Since the former is proportional to tan (3, the neutron EDM increases 



as tan /3 becomes large. 

The difference between the three contributions of the chargino, the neutralino, 
and the gluino can be seen in Fig. 4, where \d^\, |d^|, and \d^\ are shown as 
functions of 7713/2 for tan/3 = 2 and m 2 = {mnl = 500 GeV. The sign of the neutron 
EDM from the gluino contribution changes at 7773/2 ~ 800 — 900 GeV owing to the 
interference of the two GP-violating phases 6 and a. This figure clearly shows that 
the charginos really give the largest contribution to dn- Since d^ is dominant, the 
EDM of the neutron is roughly proportional to sin^ as seen from Eq. (|^), and does 
not depend much on a. 

The electron EDM induced through one-loop diagrams has a value smaller than 
the neutron EDM by one order of magnitude. This difference comes simply from the 
difference between the masses of the electron and the d quark. The electron EDM 
satisfies the constraint \de\ < 10“^®ecm in the ranges 7773/2 1 TeV and 7773/2 4 

TeV for tan {3 = 2 and tan (3 = 10, respectively. Similarly to the neutron EDM, the 
electron EDM increases as tan (3 becomes large. 

The EDMs of the neutron and the electron decrease as the phases 6 and a 
become small. If 6 is much smaller than a, the EDMs of the neutron and the 
electron receive dominant contributions from the gluino-loop and the neutralino-loop 
diagrams, respectively. Then the constraints of the EDMs on the SSM parameters 
become relaxed. In Fig. 5 the neutron EDM is shown as a function of the gravitino 
mass for a = 7r/4 and 6 = 0, taking three values for m 2 : (i) 200 GeV, (ii) 500 
GeV, (iii) 1 TeV. The other parameters are hxed as tan/3=2 and {mnl = 200 GeV. 
In the ranges of the gravitino mass where curves are not drawn, the lightest squark 
is lighter than either 45 GeV or the lightest neutralino. For 500 GeV ^ m 2 the 
magnitude of the neutron EDM is below the experimental upper bound even if 7773/2 
is of order 100 GeV. 

4 EDM at two-loop level 

The neutron and the electron EDMs are generated at the two-loop level through the 
VF-boson EDM which is induced by the one-loop diagram mediated by the charginos 
and neutralinos as shown in Fig. 2. At the two-loop level there also exist diagrams 
which involve squarks or sleptons and make contributions to the quark or lepton 
EDM. However, as long as the squarks and sleptons are much heavier than the 
charginos and neutralinos, these diagrams can be safely neglected. 
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(i.a) 

(i.b) 

(ii.a) 

(ii.b) 

m 2 (GeV) 

200 

200 

500 

500 

tan /? 

2 

10 

2 

10 


Table 2: The values of m 2 and tan/? for curves (i.a)-(ii.b) in Fig. 6. 


The EDM of a quark or a lepton from the two-loop diagram is given by 

2 2 4 


df — =Fe 


Gem 


dvr sin^ 9w 




i=l j=l 




1 ds - r'f 1 

' -[{.-fvT-r + 


'2l^ 


2(1 - r})2 Jo s - r' ^ (iF,,- - rjy iF,, 


l-3r' 1 

+{ ^ 


1-r' 


+ 


+ 

1 


Hj I f 






m 


/' 




1-s’ 


Tun = 


m: 


m 




XJ 


w 


where the coefficients Gl and Gr are dehned as 

Gl„ = '/2NifLu + NlfL^t, 
Gjfji — '/2N2jCf^ii — NjijC[i2i- 


( 12 ) 


(13) 


The negative and positive signs of Eq. (|^ are, respectively, for the fermions with 
the weak isospins 1/2 and —1/2. This two-loop contribution only depends on the 
parameters tan/?, m 2 , and mn contained in the gauge-Higgs sector. 

In Fig. 6 the absolute value of the neutron EDM induced by the IF-boson EDM 
is shown as a function of {mnl- For m 2 and tan/? we have taken four sets of values 
given in Table 2. The CP-violating phase is fixed as 6 = vr/d. In the ranges of 
\mR\ where curves are not drawn, the lighter chargino has a mass smaller than d5 
GeV which has been ruled out by LEP experiments |T^. For m 2 , |m//| ~ 100 GeV 
and tan/? ~ 1, the magnitude of the neutron EDM is around 10“^®ecm, which is 
smaller than the present experimental upper bound by only one order of magnitude. 
The EDM of the neutron decreases as m 2 or {mnl increases. Since the squarks have 
masses larger than 1 TeV for 6^1, the contributions to the neutron EDM from 
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Figure 6: The absolute value of the neutron EDM indnced by the PF-boson EDM 
for 9 = tt/A. The valnes of m 2 and tan/? for cnrves (i.a)-(ii.b) are given in Table 2. 

two-loop diagrams mediated by the squarks are negligible. The EDM of the electron 
induced by the IF-boson EDM has a value smaller than the neutron EDM by one 
order of magnitnde, similarly depending on the SSM parameters. 

The nentron and electron EDMs at the two-loop level do not vary with the 
sqnark and slepton masses if these masses are enongh heavy. On the other hand, 
the one-loop contribntions to the EDMs decrease, as the sqnark and slepton masses 
become large. If the sqnarks and sleptons have masses aronnd 10 TeV, the two-loop 
contributions become comparable with the one-loop contribntions. Fnrthermore, 
it turns ont that these one-loop and two-loop contributions to the EDM of the 
neutron or the electron have the same sign. Therefore, the neutron and electron 
EDMs arising from the two-loop diagrams give theoretical lower bounds for given 
parameter values of the gauge-Higgs sector. 


5 Constraints from baryon asymmetry 


The CP-violating phase 9 could induce baryon asymmetry of the universe through 


the charge transport mechanism []^ mediated by the charginos. Assuming that 
the electroweak phase transition of the universe is hrst order, bubbles of the broken 
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phase nucleate in the symmetric phase. The charginos incident on the bubble wall 
from the symmetric phase or the broken phase are reflected or transmitted to the 
symmetric phase. In these processes CP violation makes differences in reflection 
or transmission probability between a particle state and its CP-conjugate state, 
leading to a net density of hypercharge. Equilibrium conditions in the symmetric 
phase are then shifted to favor a non-vanishing value for baryon asymmetry, which 
is realized through electroweak anomaly. The CP-violating phase a also enables the 
t squarks to assume the role of the mediator for the charge transport mechanism. 

An enough amount of baryon asymmetry can be induced by the chargino trans¬ 
port, if the phase 6 is not suppressed and the chargino masses are of order 100 GeV. 
In this case the squark and slepton masses are larger than 1 TeV. The neutron EDM 
is then predicted to be 10“^® — 10“^®ecm for 1 TeV ^ Mq < 10 TeV as shown in Fig. 
3. If 0 is much smaller than unity while a being not suppressed, the t squarks with 
their masses of order 100 GeV can generate an enough amount of the asymmetry. 
In this case the masses of the other squarks and sleptons are also of order 100 GeV. 
The EDM of the neutron is predicted to be 10“^^ — 10“^®ecm for 500 GeV ^ m 2 ~ 

1 TeV as shown in Fig. 5. If the baryon asymmetry originates in the new sources of 
CP violation in the SSM, the neutron EDM has a magnitude which can be explored 
in the near future. The electron EDM is also predicted not to be much smaller than 
its experimental upper bound. 

6 Summary 

We have discussed the EDMs of the neutron and the electron in the SSM, under 
the assumption of GUTs and iV=l supergravity. The SSM has two CP-violating 
phases 6 and a intrinsic in the model. These EDMs receive contributions at the 
one-loop level from the diagrams in which the charginos, neutralinos or gluinos are 
exchanged together with the squarks or sleptons. Among these contributions the 
chargino contribution dominates over the gluino and neutralino contributions in wide 
ranges of the parameter space. If the CP-violating phase 6 is of order unity, the 
experimental constraints on the neutron and the electron EDMs give the prediction 
that the squarks and sleptons are heavier than 1 TeV. 

The EDMs also receive contributions at the two-loop level induced by the W- 
boson EDM. If the squarks and sleptons are much heavier than the charginos and 
neutralinos, other two-loop diagrams with the squarks or sleptons are neglected, 
which may be indeed the case for 6 of order unity and thus the squark and slepton 
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masses larger than 1 TeV. Since the two-loop contributions by the W boson EDM 
do not depend on the squark or slepton masses, the resultant values of the EDMs are 
less ambiguous than the one-loop contributions. The neutron and the electron EDMs 
induced at the two-loop level are around 10“^®ecm and 10“^^ecm, respectively, for 
the chargino and the neutralino masses of order 100 GeV. 

We have also discussed the relation between the EDMs and baryon asymmetry 
of the universe. If 6^ or a are not much suppressed, the charginos or the t squarks 
with their masses of order 100 GeV can mediate the charge transport mechanism 
to generate the asymmetry consistent with its observed value. Then it is likely 
that the neutron and electron EDMs have magnitudes of 10“^® — 10“^®ecm and 
10-26_io-27gcm, respectively. These numerical outcomes are not so small compared 
to the experimental upper bounds at present, and thus may be accessible in near 
future experiments. 
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